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$ I. INTRODUCTION 


E In most natural vegetation, the amount of organic matter in the soil sys- 
tem remains approximately constant from one year to another, despite large 
‘seasonal additions from falling leaves and other parts of plants. This means 
‘that in any community which has reached relative stability, a rough estimate 
‘of the amount of material being decomposed can be obtained by estimating 
the annual litter fall and annual death of roots. The task of estimating the 
litter fall has been investigated by a number of workers and many of the diffi- 
culties have been overcome, but when one tries to estimate what amount of 
dead root material is added to the soil system annually many additional 
difficulties are encountered and, as yet, no satisfactory techniques have been 
developed. Similarly, a considerable amount is known about the succession 
of organisms responsible for the decomposition of litter on the soil surface 
but there is a dearth of satisfactory evidence about the organisms involved 
in root decomposition. Very few studies are available which attempt to 
combine information relating to the succession of organisms concerned in 
the decomposition with the biochemical changes which take place between 
leaf fall and the final mineralization of the leaf tissue. 


II. THE NATURE AND THE AMOUNT OF LITTER 


The litter production in forests has recently been admirably reviewed by 
Bray and Gorham (1964), who have summarized a great deal of information 
relating to the amounts of litter produced in different forests throughout the 
world. Most estimates of litter fall depend on catching the litter in some 
Suitable container, but the choice of the container presents many difficulties. 
Except in very dense forests, there is often a risk that material which has 
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fallen into the container may subsequently be blown out, so that many 
workers have chosen relatively deep containers. Interference by animals 
varies from exploration by monkeys and accidental destruction by larger 
animals to the eating of certain portions of the litter by foraging mammals 
and smaller animals. There is often considerable difficulty in providing a 
suitable container which does not seriously affect the moisture relations of 
the litter and thus affect its composition, either by leaching or by microbial 
spoilage. Because of practical difficulties, the area covered by the sampling 
container must be relatively small in relation to the forest as a whole and this 
presents certain statistical difficulties. These are not very great when it 
comes to considering the fall of relatively small leaves, but in determining 
the amount of larger material falling, other methods must be used. Most 
investigations have been concerned primarily with the smaller components 
of the litter, and usually this is divided into crude fractions such as leaves, 
bud scales, flowers, fruit and bark fragments. 

The general litter production in the stable forest is often surprisingly con- 
stant. Bray and Gorham, for instance, found in four successive years values 
for leaves, etc., of 2-8, 3-2, 3-2 and 3-1 metric tons/ha. On the other hand, the 
fall of branches or stems is, as one would expect, very erratic. Comparable 
figures for stems, including bark, were 0-6, 3-2, 0-5 and 0-8 metric tons/ha. 
The amounts produced vary very greatly from one form of vegetation to 
another. Bray and Gorham have assembled a very extensive table of annual 
production of leaf and other litter from very many plant communities 
throughout the world. In alpine and arctic forests, leaf litter may be as low 
as 0-5 metric tons/ha/yr, whereas in mature secondary forest in Ghana 7 
and in a mixed forest in the Congo 8-5 metric tons/ha/yr have been recorded. 
Total litter fall is usually about one and a half times the leaf litter. 

When one examines the seasonal distribution, this varies very much with 
the type of vegetation and the climate. Even where one is considering the 
same species, as, for instance, in plantations of Pinus sylvestris, there may 
be a month or more difference between the peak of litter fall in, say, England 
and Germany. Furthermore, different sections of the litter fall at different 
times. In a broad-leafed deciduous forest, which produces its major fall of 
leaves over a very short period in the autumn, there is also a substantial part 
of the litter falling at other times of the year. It may begin with a fall of bud 
scales early in spring and be followed by flowering parts in summer. Although 
the total amounts of these may not appear to be very great, they may have 
an important effect on the organisms living in the litter and upper layers of 
the soil because of their high concentration of nutrients. In cool, temperate 
climates, the marked autumnal litter fall is also associated with very marked 
seasonal climatic changes. Both of these are associated with an increased 
activity of the litter and soil organisms. In evergreen forests where there may 
be several peaks of litter fall throughout the year, one finds similar peaks in 
activity of the soil organisms. 

In addition to what might be regarded as the normal litter coming from 
the vegetation, there is often a considerable amount of material which is 


16. THE DECOMPOSITION OF ORGANIC MATTER IN THE SOIL 481 


secondary in nature. Many animals attacking the vegetation produce a con- 

¿siderable amount of frass which at times can become a conspicuous feature 
of the litter. Where large populations of animals occur, their excreta can also 
be a significant part of the added organic matter. 

i Carlisle, Brown and White (1966a) gave a detailed account of litter fall 

‘in an oak woodland, and examined in detail many aspects of litter fall and 

‘the chemical constitution of the various components. They also studied the 

effect of Tortrix attack on the quantity and nature of the litter produced. 

Table I gives detailed information of the amounts of the various components. 
Examination of Table I gives a good measure of the complexity of the bio- 

‘logical problems involved in litter decomposition. Most of our information 

‘at present available has been concerned with the decomposition of leaves 

‘and, to a smaller extent, of branches. The successional patterns associated 

‘with the decomposition of these two very different substrates are correspon- 
dingly very different. It would not be unreasonable to anticipate that addi- 
tional successional patterns are involved for each of the fractions of the litter 
dealt with in Table I. 

_ The amount of root material added annually to the soil is difficult to estim- 
ate. Table XX of Bray and Gorham (1964) shows that the net production 
of below-ground parts is usually about two-thirds the weight of leaves pro- 
duced in temperate forests, whereas in tropical forests the below ground pro- 
duction is nearer to one-third of the leaf production. 


III. INITIAL INVASION OF TISSUES 


Many investigations of the decomposition of litter have been restricted to 
studying the changes which take place in leaves after they have fallen to the 
ground; however, it is clear from a number of studies that considerable 
changes occur in the leaf before it is shed and, in many cases, a considerable 
microbiological population is already well established on the leaf before it 
dies. Some of the organisms are clearly parasitic and invade the living leaf 
tissues. Others are purely superficial and are able to live on material which is 
either exuded or which diffuses from the leaf. Little has been done towards 
investigating the organic matter which is available to micro-organisms grow- 
ing on the leaf surface. Recently, Carlisle et al. (1966b) have shown that rain- 
water which had passed through the canopy of an oak woodland contained 
a considerable amount of dissolved organic matter. In August about 70% 
of the organic matter was carbohydrate, mainly melezitose, glucose and 
fructose. About 90 kg/ha of carbohydrate came down in the throughfall 
during the year. Presumably much of this organic matter was initially on 
the leaf surface. The presence of large amounts of organic material on foliage 
is often associated with insect attack. Melezitose, a trisaccharide, occurs in 
the honey dew of aphids and inositol is associated with scale insects. 

In recent years there has been a tendency to use the term “ phyllosphere”’ 
to describe the region around the leaf and to refer to a phyllosphere flora. 
The organisms which are found most commonly on leaf surfaces are ones 


TABLE I 


The mean dry weight of litter (kg/ha oven (105°C) dry weight) falling throughout the year (1963-64) in a sessile oak woodland (Table III 
from Carlisle et al., 1966a) 


Tree leaves Male Bud Acorns Twigs Branches 0:2-0‘6mm 0:6 mm Totals 
flowers scales and (<40cm (>40cm materials miscellaneous 
peduncles* long) long) (insect materials 
frass, (lichen, litter 
Oak Birch Others dust, etc.) bark, etc.) 
June 1963 21°15 0 0 128-74 79:93 0 82-34 0 30:25 2:10 344-51 
July 16:71 0 0 2:53 10:92 0 41:27 0:37 4:69 14:43 90:92 
August 37:62 0 0 1-42 13-88 0 67:19 22:57 3-85 15-66 162-19 
September 228-22 2:25 0:83 1-20 16:74 46:04 133-90 7:92 5-46 13-07 455-63 
October 1362-07 4:72 2:84 0:37 14:37 2:65 290-70 226:78 5-40 8:39 1918:29 
November 421-99 0 1-05 0-89 15:05 3-08 56:03 98:34 6-60 20:88 623-91 
December 5:40 0 0 0 0:56 0 4-48 3-33 1-05 2-03 16:85 
January 1964 0-71 0 0:02 0 0:43 0 53-44 0 1-20 2:84 58-64 
February 10-17 0 0-01 0 0:26 0 3°76 1:31 0:83 1:83 18:17 
March 1:41 0 0 0:02 0-63 0 0-21 0 1:95 4:93 9-15 
April 4:04 0 0 0 1-82 0 7:62 40:27 1-45 3°85 59-05 
May 5:33 0 0 14-55 37:19 0 6:96 14-69 8-94 12-82 100-48 
Total 2114-82 6:97 4-75 149-72 191-87 51:77 747-90 415-58 71-67 102-83 3857:79 
(+233:64) (43-61) (46-07) (439-56) (+18:96) (+34:35) — — (+7:03) (28:77) = 


95% confidence limits in parenthesis. 
* No ripe seed. All aborted peduncles and cupules. 
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‘which can make rapid use of simple organic substances. The surface flora 
i often consists mainly of yeast-like fungi such as Pullularia, and Cladosporium. 
They have only a limited capacity for decomposing the more complex carbo- 
‘hydrates but are able to grow very readily on simple hexoses and pentoses, 
¿as well as on the simpler polysaccharides and substances such as pectins. 
(Even under relatively dry conditions, extensive populations of such fungi 
| build up on the leaf surfaces. In moister climates, the surface flora becomes 
-very much richer, both in numbers of individuals and in species. The most 
‘extensive growths, such as the Sooty moulds are often associated with insect 
‘injury and the formation of honey dew or other sugary secretions. 
3 In recent years, considerable evidence has accumulated to change the tra- 
‘ditional picture of leaf physiology. It was earlier considered that very little 
material came out from the leaf tissues so long as the leaf was alive, although 
| it had been established that if the leaf became senescent, there appeared to be 
“a withdrawal of both organic and mineral material from the leaf prior to it 
being shed. Work by a number of authors has recently established that there 
are considerable losses of both organic matter and mineral matter from 
“the leaf. As Stenlid (1958) has pointed out, too little regard has been paid to 
_this phenomenon. The most detailed study available is that of Carlisle, 
‘Brown and White (1966b). They collected and analysed both the incident 
¿rain and the throughfall. Their results showed that inorganic nitrogen and 
‘phosphorus were removed from the precipitation as it passed through the 
canopy, but that considerable quantities of other elements were released. 
¿When Carlisle and his colleagues examined the total addition of materials 
to the soil, they found that 17% of the nitrogen, 37% of the phosphorus, 72% 
of potassium and 97% of the sodium came down in the throughfall and not 
in the litter. 

It is important to remember that many plants do not have the clear decidu- 
Ous pattern which is often regarded as characteristic of temperate regions 
and on which so much ecological discussion has been based. Under natural 
conditions, plants such as grasses have nothing comparable to leaf fall in 
the way that a deciduous tree such as oak or beech has; instead, the leaf tissue 
and stem dies in situ and under damp conditions a major part of the decom- 
position occurs while the tissue is still attached to the plant. Webster (1956, 
1957) has shown that the moribund tissue of Dactylis is invaded first by the 
primary saprophytes Cladosporium, Epicoccum, Alternaria, Leptosphaeria 
and Pleospora which advance up the stem as the new leaves unfold, and differ- 
ent saprophytic fungi are associated with different nodes. This seems to be 
related to the differences in water content of the tissues. Subsequently when 
the stems collapse, different fungi make their appearance on the stems. 
Comparable results were obtained by Frankland (1966) in her study of the 
decomposition of Pteridium petioles. Here again under natural conditions 
Invasion and considerable decomposition would seem to occur before the 
Petioles become incorporated with the litter proper. When one comes to con- 
sider the decomposition of twigs and branches as distinct from the decompo- 
Sition of leaves, again a considerable part of the decomposition may occur 
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before the tissue has fallen to the ground. In tropical rain forests, very exten- 
sive disintegration of branch systems may be brought about by fungi and 
white ants before any substantial branch fall occurs, so that often the dead 
tree has lost the bulk of its branch system before the trunk finally falls to 
the ground. 

During an investigation of the decomposition of pine litter (Kendrick and 
Burges, 1962), it was shown that the parasites Coniosporium, Lophodermium 
and Fusicoccum occurred very widely on the needles while they were still alive, 
although usually the infections were relatively light and would not normally 
have been classed as disease infections of any importance. The behaviour of 
the parasites differs considerably. In Pinus sylvestris, if the needles die, the 
activity of Conopsporium decreases and by the time the needles are shed, the 
parasite has ceased its activity. Lophodermium, on the other hand, remains 
quite active and, 6 months after the needles have fallen to the ground, 
sporulates extensively and then dies away. Fusicoccum differs still again. In 
the living needle, the areas of Fusicoccum mycelium are relatively small but 
there is an extensive development of the fungus at the time that the needle 
dies and falls, followed by the heavy production of spores 3 to 5 months later. 
An examination of a number of other leaf parasites shows a comparable 
range in behaviour. Most non-parasitic forms such as Pullularia often show 
a great burst of activity immediately following the death of the leaf and its 
fall to the ground. Once the fallen leaves become part of the litter, invasion 
by characteristic litter species is very rapid and the parasitic and saprophytic 
species associated with the leaf on the trees are fairly rapidly displaced. 


IV. DECOMPOSITION PROCESSES IN THE LITTER 


There is an extremely wide range of types of litter. Much of our knowledge 
is influenced by work in Western Europe, where it has become customary 
to regard the two extreme types, mor and mull, as characteristic of two essen- 
tially different patterns of decomposition. In mor humus there is normally a 
substantial litter layer which remains relatively undisturbed. Successive leaf 
falls bury the previous material so that a stratified litter layer is produced 
with the most recently fallen material at the surface and the oldest and most 
decomposed at the base of the litter. Therefore the sequence from the top of 
the litter to the surface of the mineral soil can be used to study the succession 
which occurs during the decomposition. Although the animal populations 
in such litter may be very large indeed in terms of the numbers of individuals, 
the organisms themselves are small and cause no significant movement of the 
decomposing plant tissues. In a characteristic mull condition, incorporation 
of the fallen material into the soil is very much more rapid. Often this is 
brought about by the action of earthworms (Lumbricus) or other animals. 
The fallen plant material may be cut up and removed into the burrows or 
smaller leaves may be dragged down whole. Except for brief periods of the 
year immediately following leaf fall, it is usually impossible to distinguish 
clearly any junction between the fallen litter and the mineral soil. All 
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intermediate conditions between a characteristic mor and mull exist and a 
number of terms such as ‘“‘moder” have been introduced for intermediate 
ypes. 

5 Many reasons have been advanced to explain why in one place mor and in 
another mull should develop. At times where general conditions are such 
that they would appear to be on the borderline between mull and mor 
formation, it would seem that the presence or absence of earthworms may be 
decisive. 

| One factor of extreme importance in relation to litter is the length of time 
that an individual leaf may take between leaf fall and final decomposition. 
In cool, temperate conditions and particularly in conifer forests, years are 
involved. Kendrick (1959) has shown that a period of over 9 years is needed 
before the needles of Pinus sylvestris are sufficiently decomposed to become 
no longer recognizable as individual needles. In typical mull soil, leaves of 
oak may take 8 or 9 months before complete disintegration, whereas in moist 
forests of the warm temperate or tropical regions, a leaf may disintegrate 
in a matter of weeks after falling to the ground. 

The nature of mull and mor humus has been discussed in very considerable 
detail by Handley (1954), who has suggested that a critical feature of mor 
humus is that phenolic materials in the leaf tissue tan the protein and form a 
‘protective coating over the cellulose of the leaf, thus inhibiting rapid decom- 
‘position. Handley’s general hypothesis is in accordance with a great deal of 
field observation which suggests that mor formation is normally associated 
with a vegetation relatively rich in phenolic compounds and of low base 
content which gives rise to a relatively acid litter layer. Such litter does not 
support large numbers of bacteria or earthworms. 

Invasion by the characteristic litter fungi appears to occur relatively rapidly. 
The total number of species in the initial invasion is usually small and most 
workers report only about half a dozen species as being abundant in the 
initial stages. At times (Kendrick and Burges, 1962) one can distinguish 
clearly between species which form superficial networks of hyphae (Sympo- 
diella and Helicoma) and others which form extensive internal mycelia 
(Desmazierella). The extent of invasion by individual species varies consider- 
ably and is often determined by the previous history of the tissue concerned. 
Some of the parasitic species which have invaded the living leaf often form 
well-defined marginal zones to the areas they have invaded. This is particu- 
larly marked in the invasion by Lophodermium. When the litter fungi com- 
mence their activity, they often spread fairly rapidly until they reach one of 
the zones of demarcation caused by Lophodermium. Extension of the myceli- 
um is then inhibited and the tissues on the other side of the demarcation zone 
may be invaded by a different species. In mor litter, there may be a fairly pro- 
longed period, sometimes even as much as 6 months, between the initial 
invasion and sporulation, as happens in the Delamere Forests, where exten- 
sive sporulation of Desmazierella, Sympodiella and Helicoma occurs 6 to 8 
months after the needle has fallen to the ground. 

When attempts are made to isolate the fungi concerned in the initial 
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invasion, many colonies of fungi such as Penicillium and Trichoderma are ob- 
tained, although direct microscopic examination of the leaf tissues suggests 
that the bulk of the hyphae seen belong to genera which have dark coloured 
mycelium. Characteristic spore-producing structures of Penicillium and Tri- 
choderma do occur, but it is difficult to gain any accurate measure of the 
importance of these species in terms of their biochemical activity from the 
small number of fruiting structures observed. 

In many of the situations examined, the initial phase of invasion by fungi 
is replaced by a period of fairly intense animal activity. In pine litter, this is 
associated with the occurrence of large populations of oribatid mites, al- 
though undoubtedly other members of the litter fauna are also very active. 
Some of the species occurring in pine litter are shown in Table II. The litter 
fauna feed both on the fungi and on the leaf tissue. Examination of faecal 
pellets of mites would indicate that they tend to graze indiscriminately on 
fungi, infected leaf tissue and uninfected tissue. After the first grazing of the 
fungus-covered leaves, there is often an intermediate period associated with 
the dryer summer conditions in which mite populations in the upper litter 
layers are much smaller and fungal growth is much less apparent. Subse- 
quent leaf fall and onset of moister conditions in autumn and winter lead to 
a second burst of microbial activity which is again followed by extensive ani- 
mal activity. By this time, the older leaves have become more deeply incor- 
porated in the litter and are less subjected to moisture fluctuations. The 
seasonal fluctuations of microbiological and animal activity in these areas 
also becomes less marked. 

Histochemical investigations of the leaves during the phases which have 
just been described indicate that most of the simpler carbohydrates, such as 
starch and pectins, disappear within a few weeks after the leaves have fallen 
to the ground. Decomposition of a considerable proportion of the cellulose 
walls is associated with the growth of many of the dark-coloured fungi and 
with the presence of Trichoderma. 

Extensive invasion by the hyphae of basidiomycetes does not usually occur 
until the leaf litter is sufficiently compressed to remain moist for quite long 
periods. Extensive development of fungi then takes place, so that the individual 
leaves often become matted together by wefts of fungal hyphae, many of 
which bear obvious clamp connections or can at times be associated directly 
with fruiting bodies of basidiomycetes. Both in pine forests in Europe and in 
some dipterocarp forests in the Tropics, basidiomycete invasion of leaves 
may be purely internal, but there are connections between mycelia developed 
in one leaf via rhizomorphs to mycelia in adjacent leaves. This commonly 
occurs with Marasmius androsaceus in Europe and with other species of 
Marasmius, or what appear to be related fungi, in the tropics. Field observa- 
tions on litters of different types indicate that the depth of the matted fungal 
zone in mor litter is determined primarily by the micro-climate of the litter 
rather than by the chemical nature of the components of the litter or the 
species involved. 

At the stage at which there is extensive microbial development, there is a 
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both cellulose and lignin. This is accompanied by con- 
which often completely destroy 
ly the vascular strands and the 
f the leaves. With the intense 


fairly rapid loss of 
siderable activity on the part of the soil fauna, 
ithe mesophyll tissue of the leaves, leaving on 
cuticular tissue or the toughened margins O 
TABLE II 


: List of the commoner Meiofauna found in the 
organic horizon at Delamere Forest 
(Kendrick and Burges, 1962) 


sais alas 


Phylum: Annelida 

Class: Chaetopoda 

i Order: Oligochaeta 

i Family: Enchytraeidae 

o Fredericia spp- 
R Phylum: Arthropoda 

Class: Arachnida 

Order: Acarina 


Family: Oribatidae 
Adoristes ovatus 


Carabodes minusculus 
Ceratoppia bipilis 
Chamobates incisus 
Odontocepheus elongatus 
Oppia unicarinata 
Pelops tardus 


; 
i 
3 


E 

3 Platynothrus peltifer 
p Thyriosoma lanceolata 
4 Immature Oribatei 
E Subphylum: Insecta 

f Class: Apterygota 

3 Order: Collembola 

ẹ Family: Entomobryidae 

A Orchesella cincta 

E i Lepidocyrtus Sp. 

b Class: Pterygota 


Subclass: Exopterygota 
Order: Hemiptera 
Family: Aphididae 

Cinaria pinea 
Subclass: Endopterygota 
Order: Diptera 
Family: Cecidomyiidae 
Cecidomyia baeri 


is 


animal activity, the amount of black faecal material increases. Initially, this 


appears to be mainly due to the activity of mites and collembola and the 
pellets retain their individual structure for quite long periods, perhaps because 
of the presence of an outer membrane. However, as the pellets accumulate, 
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the Enchytraeidae become more noticeable and instead of the predominance 
of discrete pellets, amorphous black material which may well be the excreta 
of Enchytraeidae becomes much more abundant. At this stage, the residual 
leaves are usually dark in colour, very soft and fragile. Their final disappear- 
ance is associated with the activity of somewhat larger organisms such as 
millipedes. At the junction of the litter and the mineral soil, there is often a 
well-marked greasy layer, the H layer of Hesselmann. To the naked eye, this 
is amorphous and almost black. Under the microscope, it is seen to be a 
mixture of faecal pellets in all stages of disintegration, fragments of leaf tissue 
and hyphae and very often the exoskeletons or other chitinized remains of 
soil animals. Gray and Bell (1963) isolated a number of fungi from the chitin- 
ous-rich H layer and showed that some of the most abundant species, 
Mortierella parvispora, Trichoderma viride and Penicillium spinulosum, have 
the capacity to break down chitin actively under laboratory conditions. This 
phase may well represent one of the final stages in the mineralization of both 
primary and secondary organic materials in the litter. There is considerable 
evidence to show that some of the highly dispersed amorphous dark-coloured 


material in the H layer is washed downwards into the upper layers of the 
mineral soil. 


V. CHEMICAL CHANGES DURING THE 
DECOMPOSITION OF THE LITTER 


The chemical changes associated with the breakdown of the litter have 
been followed only in the most general terms. Most investigators have used a 
very simple form of analysis in which they have estimated the water-soluble, 
alcohol-soluble, ether-soluble, presumptive hemicellulose, presumptive cellu- 
lose and presumptive lignin fractions. More detailed investigations have 
been made of the fate of individual mineral constituents and, toa lesser 
extent, of nitrogenous material. In broad terms, the water soluble compo- 
nents disappear first, followed successively by the alcohol and the ether solu- 
ble fractions, then the hemicelluloses, celluloses and lignin fractions. Many 
of the studies have been somewhat difficult to interpret because the method 
of analysis used involves hydrolysis with weak acid to remove the hemicellu- 
loses, with strong sulphuric acid to remove cellulose, and the residue has 
been regarded as lignin plus mineral material. While this is reasonably true 
in fresh plant mz n any extensive decomposition has occurred a 
number of other wuvorassr» Which are resistant to strong sulphuric acid are 
found and these give a falsely high reading for lignin content. 

During decomposition, the C/N ratio of the litter undergoes a progressive 
change. As the decomposition proceeds, carbon dioxide is given off but the 
nitrogenous material tends to accumulate in the organisms carrying out the 
decomposition, so that the C/N ratio is progressively reduced. Freshly fallen 
plant material may have a C/N ratio as low as 20:1 in nitrogen-rich species 
such as some Leguminosae, whereas in woody tissues or in nitrogen-poor 
species, the C/N ratio may be of the order of 50:1. In the H layer, the C/N 
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ratio is usually near to 10 or 12:1, which corresponds approximately to that 
ound in micro-organisms. At this stage, the proteins are broken down to 
ino acids and deamination occurs with the release of ammonia, which 
appears to be absorbed directly by plant roots under mor conditions. 

1 The behaviour of the mineral fraction of the litter shows a number of 
interesting features. Sodium is very rapidly removed from the freshly fallen 
litter and much of the potassium is washed out within a few weeks. The 
phosphate content also falls rapidly, as does the magnesium content. Part 
‘of the calcium seems to be fairly rapidly mobilized, but something like 
half of it remains quite firmly held in the plant material. Detailed studies on 
the litter of Casuarina (Burges, 1956) demonstrated that the mobilized sodium, 
once having been released from the tissues, is readily washed through the 
‘litter and presumably disappears in the drainage water. On the other hand, 
‘the magnesium, phosphate and, to a lesser extent, potassium which are 
released from the freshly fallen material appear to be trapped in the lower 
‘layers of the litter and accumulate in the zone of dense fungal mycelium, 
where it is held until the mycelium is in turn decomposed or is translocated 
by the fungus. 

' Microbial utilization of the sugars, starches and pectins seems to be very 
[rapid and it is difficult to detect any appreciable quantities of these in the 
litter. Physiological tests on micro-organisms isolated from the litter indicate 
‘that practically all the litter species are capable of utilizing these simple 
‘substrates. The decomposition of cellulose can again be accomplished by a 
‘wide range of species. It is interesting to note that although in any one soil, 
‘one may be able to isolate 30 to 40 species of micro-organisms which under 
laboratory conditions can decompose cellulose rapidly, if cellulose films are 
‘added to that soil, only one or two species usually dominate the film. These 
‘Species are relatively constant for the particular soil. Changing soil conditions 
even only slightly will often change completely the species which appear to 
dominate the decomposing cellulose (Griffith and Jones, 1963). The majority 
of the larger fungi which occur in litter seem to be active decomposers of 
cellulose and some also of lignin. The one group which characteristically 
lacks the ability to decompose these substrates is the mycorrhizal fungi 
(Harl, 1959). Many of the common species of Collybia, Marasmius, 
Tricholoma, etc., are very active cellulose decomposers. 

The decomposition of lignin seems to be carried out primarily by basi- 
diomycetes and a relatively small number of ascomycetes. Our knowledge of 
the decomposition of lignin is derived almost entirely from a study of the 
decomposition of wood or sawdust and the fungal species which have been 
examined in detail are primarily those associated with woody substrates. 
Although one may perhaps assume that the decomposition of the lignified 
tissue in vascular strands of leaves forms the same kind of biochemical pat- 
tern as the decomposition of wood, this is not necessarily so. In recent years 
there has been considerable interest in the decomposition of compounds which 
are not normally regarded as major constituents of the plant tissue, such as 
chitin, cutin, flavonoids, suberin, etc., because although these particular 
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compounds may comprise only a small percentage of the total material, the 
absolute amounts of these added to the soil is considerable. 

One of the most characteristic features of decomposing litter is the gradual 
darkening of the tissues and ultimately the formation of the black material 
grouped under the vague name “humus”. Despite the immense amount of 
work carried out by both chemists and biologists, virtually nothing is known 
about the process which leads to the formation of humus and not a great 
deal has been added to our knowledge since Waksman’s account of 1936. 
In pine litter, black material which has many characteristics of humic acids 
makes its appearance in a relatively early stage of the decomposition of the 
needles, usually considerably before one can detect any disintegration of the 
lignin. At the stage where lignin begins to decompose, there is usually a 
marked increase in the amount of humic acids. It is also apparent that during 
the microbial decomposition of the litter, many of the fungal species which 
are present in great abundance have dark pigments either in their hyphal 
walls or in their spores. As pointed out earlier (p. 9, see also Burges, Hurst 
and Walkden, 1964) there is good reason for believing that humic acids are 
essentially complex polymers of phenolic materials and that the phenols 
concerned may have come from flavonoid material in the plant debris, from 
the decomposing lignin and perhaps also from microbial syntheses. Even if 
such a view is correct, there is still no evidence to show whether the flavonoids 
and the lignin are first broken down to their monomeric units and then 
re-polymerized, or whether they are incorporated into the complex polymer 
with only relatively slight degradation or modification. 

The biochemical processes involved in the decomposition of the various 
substrates differ considerably. Readily soluble substances such as the simple 
sugars and amino acids appear to be absorbed directly and then metabolized 
within the microbial tissue. Other substances, such as starch and pectins, are 
broken down by extracellular enzymes which can at times diffuse appreciable 
distances from the organisms which produce them and hydrolize their sub- 
strate. The products of hydrolyses are then available for absorption not only 
by the organism which caused the initial hydrolysis, but by any other micro- 
organism which may be in the near vicinity. It is interesting to note that most 
of the species associated with this kind of process in nature have relatively 
high growth rates and often tend to form relatively dense, short-lived mycelia. 
Decomposition of cellulose is also brought about by a hydrolytic enzyme 
system which usually contains two or more components which act differently 
on the polymer chain. Although the enzyme systems are extra-cellular, they 
seldom act at any great distance from the micro-organisms which produced 
them. The production of the cellulase enzymes seems to be very sensitive to 
environmental conditions and examination of buried films of cellulose sug- 
gests that some other factors than the presence of cellulose often become 
limiting. Availability of nitrogenous materials is the most common factor 
which seems to influence the rate of cellulose decomposition. 

The decomposition of the phenolic polymers, lignin and humic acids is 
less well understood. As yet, no one has demonstrated any enzyme system 
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3 ene of decomposing these substrates. Hurst and Burges (1966) have 
assembled evidence to show that there are many features in common between 


Both substrates, it has been suggested that a critical step in the decomposition 
pe breakage of the ether-oxygen links in the polymer. The initial stage in 


TOnce lignin or humic acid has been degraded to simpler aromatic sub- 
ta nces, these would form suitable substrates for a wide range of soil organ- 
) sms, as has been shown by Henderson (1957). It is highly probable that, in 
the same way that the physical breakdown of the plant tissue is carried out 
by a succession of organisms belonging to widely separated taxonomic 
groups, so the decomposition of a complex substrate such as lignin would 
involve a succession of micro-organisms, each of which might carry out a 
relatively small number of biochemical steps. 


VI. DECOMPOSITION PROCESSES IN THE 
MINERAL SOIL 


litter. There are, however, a number of well-marked differences. First, the 
‘Moisture conditions in the soil fluctuate less than in the litter and second, 
Toots usually carry a very much more extensive surface flora and are subject 
‘to continued exploration by neighbouring micro-organisms. As a root ages, 
the outer tissues decrease in physiological importance and this is associated 
‘with a decrease in the resistance of the tissue and a consequential invasion 
by weak parasites and saprophytes. Although the micro-organisms involved 
"differ taxonomically from those which occur in the litter, the decomposition 
appears to follow the same kind of pattern that has already been described. 
“In soils which are reasonably porous there is usually quite extensive animal 
Vactivity, which again plays an important part in the decomposition processes, 
[although one does not meet the marked successional and seasonal pattern 
‘which appears to be so characteristic of mor litter. Where aeration is 
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impeded, either by fine texture or by waterlogging, the normal processes of 
decomposition are inhibited. Not only does the plant material accumulate 
but so also does the structural material of micro-organisms and particularly 
fungal hyphae. 

It has already been pointed out that in the litter layer, years are often 
involved in the decomposition of leaf and stem fragments on the surface. 
The duration of some of the organic fractions in the mineral soil may, how- 
ever, be very considerably longer than this. Paul et al. (1964) have extracted 
humic acid fractions from some of the prairie soils in North America and on 
the basis of 14C-dating work have estimated that the humic acids had what 
they termed a “mean residence” period of about 1,000 years. In a podzol 
under Pinus in Sweden, Tamm and Ostlund (1960) found that the mean resi- 
dence period for the humic acids in the B horizon was about 400 years. In 
contrast to this, the B horizon humic acid of podzols under the East Anglian 
heaths had 14C-ages ranging between 1,580 and 2,860 years (Perrin et al., 
1964). 
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